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A water channel in the core of the vitamin B12 RNA aptamer
Django Sussman and Charles Wilson*
Background: The 3.0 Å crystal structure of the vitamin B12 RNA aptamer revealed
an unusual tertiary structure that is rich in novel RNA structural motifs. Important
details of the interactions that stabilize noncanonical base pairing and the role of
solvent in the structure were not apparent owing to the limited resolution. 
Results: The structure of the vitamin B12 RNA aptamer in complex with its
ligand has been determined at 2.3 Å resolution by X-ray crystallography. The
crystallographic asymmetric unit contains five independent copies of the
aptamer—vitamin B12 complex, making it possible to accurately define well-
conserved features. The core of the aptamer contains an unusual water-filled
channel that is buried between the three strands of an RNA triplex. Well-ordered
water molecules positioned within this channel form bridging hydrogen bonds
and stabilize planar base triples that otherwise lack significant direct base—base
contacts. The water channel terminates at the interface between the RNA and
the bound ligand, leaving a pair of water molecules appropriately positioned to
hydrogen bond with the highly polarized cyanide nitrogen of vitamin B12.
Analysis of the general solvation patterns for each nucleotide suggests that
water molecules are not precisely positioned, as observed in previous RNA
duplex structures, but instead might adjust in response to the varying local
environment. Unusual intermolecular base pairing contributes to the formation of
three different dimerization contacts that drive formation of the crystal lattice. 
Conclusions: The structure demonstrates the important role of water molecules
and noncanonical base pairing in driving the formation of RNA tertiary structure
and facilitating specific interactions of RNAs with other molecules.
Introduction
The interactions that define tertiary structure in RNA
remain incompletely defined, in part because relatively
few structures have been determined to high resolution. Of
particular interest is the role of solvent in defining RNA
tertiary structure and the interactions between molecules
in RNA–ligand complexes. A handful of divalent metal
binding sites have now been characterized in several differ-
ent model systems, including the 5S rRNA dodecamer, the
human immunodeficiency virus 1 (HIV-1) TAR RNA, the
tRNAAla acceptor stem, and the biotin aptamer [1–4]. Com-
parison of the metal sites in these molecules has identified
conserved features that favor ion binding. High-resolution
analysis of DNA and RNA duplexes has identified well-
defined hydration sites for each of the four natural
nucleotide types and the conservation of these sites makes
it possible to predict the position of water molecules in
some lower resolution RNA structures [5–8]. Although the
interactions of water moleules with conventional base-
paired duplex RNA appear relatively stereotyped, their
role in stabilizing non-standard structures has been less
well studied. The 1.5 Å structure of a 5S rRNA loop E frag-
ment provides three interesting examples of noncanonical
base pairs stabilized by bridging water molecules [1]. The 
ability of waters to mediate hydrogen bonding between
nucleotides allows many additional pairings beyond those
predicted on simple geometric grounds that presume direct
hydrogen bonding. 
The vitamin B12 (cyanocobalamin) aptamer represents a
rich model system for studying noncanonical RNA struc-
ture. Isolated by an in vitro selection experiment on the
basis of its ability to specifically bind to immobilized
vitamin B12, the aptamer is defined by a phylogenetically
conserved core of 30 nucleotides [9]. The structure of the
aptamer complexed with its ligand has been previously
determined by X-ray crystallography to 3.0 Å resolution
[10]. As shown schematically in Figure 1, only five of the
30 conserved nucleotides can be considered to adopt con-
ventional Watson–Crick duplex structure in terms of their
base pairing and backbone geometry. The bulk of the
aptamer instead folds to create a triplex of three strands
linked by short, tightly constrained loops. Perpendicular
packing by a short helix at the top of the triplex creates a
binding pocket for vitamin B12. Given the relatively low
resolution of the previous structure (3 Å), hydrogen
bonding between nucleotides could not be unambigu-
ously defined, nor could solvent molecules be experimen-
tally identified. Surprisingly, the nucleotide sequence of
the triplex remained virtually invariant in the course of a
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previous in vitro phylogenetic selection experiment
carried out to define the aptamer’s secondary structure [9].
The 3 Å structure provides relatively few clues to explain
the absolute conservation of the base triples, especially
considering that some appeared to be stabilized by
minimal direct hydrogen bonds between bases.
To better understand the factors that direct folding of this
unusual RNA, we have characterized a new crystal form of
the aptamer–vitamin B12 complex that diffracts to signifi-
cantly higher resolution (2.3 Å). This crystal form contains
five crystallographically independent copies of the
aptamer–ligand complex, making it possible to identify
those water molecules with highly conserved positions
despite differences in the local crystal environment. Analy-
sis of this high-resolution form shows that the aptamer is
stabilized by a well-defined core of water molecules that
form an interior channel running through the middle of the
triplex. Analysis of the conserved waters bound to each
RNA and the interactions between RNA molecules pro-
vides new insights into the role of solvent and noncanoni-
cal base pairing in defining RNA tertiary structure.
Results and discussion
A single set of crystallization conditions yields two differ-
ent crystal forms of the vitamin B12 aptamer [11]. Square
plates belonging to the C2221 space group diffract to a
limit of 3.0 Å resolution and were used to determine the
previously described structure [10]. Rectangular rods
belonging to the related I222 space group diffract to 2.3 Å
resolution and were used for the current studies. A dimer
of the RNA–vitamin B12 complex from the C2221 struc-
ture served as a search model for molecular replacement
(MR). Initial attempts at MR using the AMoRe program
in the CCP4 package [12] yielded no valid solutions. As an
alternative to AMoRe, further MR trials were conducted
using the program EPMR which implements a genetic
search algorithm and can automatically search for multiple
copies of a search model within the asymmetric unit [13].
An EPMR solution with five copies of the RNA–vitamin
B12 complex was obtained and yielded an initial R factor
of 46.4% and a correlation coefficient of 0.494. This model
was successfully refined using CNS to an overall crystallo-
graphic R factor of 19.9% and a free R factor of 23.2% for
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Figure 1
Structure overview. (a) The primary and secondary structure of the B12
aptamer shown schematically. The three strands of the triplex are
sequentially colored blue (7–11), cyan (15–23) and yellow (24–30). The
helical strands are colored green (12–14) and magenta (31–33). Boxed
regions indicate the location of nucleotides involved in crystal contacts.
(b) Schematic representation of the tertiary structure. Coloring is as in
(a) with the vitamin B12 ligand colored red. (c) Representative 
σA-weighted 2Fo–Fc electron-density map for the aptamer contoured at
1.0σ above the mean. RNA, vitamin B12 and water molecules are
colored gray, red and cyan, respectively. The figures were prepared
using the programs RIBBONS [28] and RASTER3D [29]. 
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all reflections between 10 and 2.3 Å (Table 1). Waters
were iteratively incorporated into the model as described
in the Materials and methods section. 
The structure of the vitamin B12 aptamer observed in the
I222 crystal is essentially identical to that in the previously
determined C2221 form (Figure 1). Between them, the
C2221 and I222 crystals contain nine independently
observed copies of the aptamer–ligand complex. Super-
position of these complexes shows remarkably little varia-
tion, with the exception of the RNA 5′-terminal extension
lying outside the conserved aptamer core (Figure 2). 
Crystal dimers
Each copy of the aptamer observed in the crystal asym-
metric unit dimerizes with two symmetry-related mol-
ecules at a total of four different sites. The different
dimerization modes provide informative views of the
ways in which non-covalent interactions can drive spe-
cific intermolecular RNA pairing and potentially direct
the assembly of large structured RNAs (indeed several
structural motifs, such as the tetraloop–tetraloop receptor
interaction which stabilizes the group I intron, were ini-
tially characterized as crystal contacts between symme-
try-related molecules [14,15]). Dimerization in each case
is accomplished by a simple twofold rotation that brings
the 5′-end, the 3′-end or the triplex into direct contact
with an equivalent region from a symmetry-related
molecule. Noncanonical base pairing is a common
feature of each dimer interface, but the nature of the
pairings and the degree of structural conservation
between the different aptamer complexes varies signifi-
cantly, as described below. 
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Figure 2
Crystal contacts. Three different dimerization
interfaces stabilize the crystal lattice.
(a) The 5′ extensions from two molecules pair
to create a six-base-pair duplex with two
stacked adenosine–adenosine pairs.
(b) Superposing all 5′–5′ dimers via their
paired ends shows the relative disorder in the
arrangement between the aptamer core and
the 5′-duplex. (c) Each aptamer also
dimerizes with another molecule through
specific pairing at the 3′-ends (top) and the
lower portion of the triplex (bottom). All five
copies of the RNA superpose remarkably
well. (d) Hydrophobic minor groove packing
between adenosine pairs and (e) a ribose
zipper hydrogen-bonding arrangement direct
pairing of the 3′-ends. (f) Pairing of the
triplexes involves insertion of a looped-out
nucleotide (C24, orange) from one molecule
(red) into a pocket within the triplex of
another (grey). (g) The looped-out nucleotide
C24 forms an intermolecular base triple by
packing against the minor groove face of a
conventional G:C base pair. The figures were
prepared using the programs Conic [30] and
RASTER3D [29].
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Table 1
X-ray data collection and structure refinement statistics.
Space group I222
Molecules/asymmetric unit 5
dmin (Å) 2.3
Unit-cell parameters a, b, c (Å) 91.27, 98.08, 217.97
Completeness (%) 89.2 (57.7)
Rsym* (%) 7.2 (28.9)
Rmerge†(%) 9.5 (31.1)
Number of nonhydrogen atoms
RNA and ligand 4220
solvent 724
Number of reflections 39,042
Rcryst (%) 19.9
Rfree (%) 23.2
Rms deviation from ideal values
bond lengths (Å) 0.009
bond angles (°) 1.4
*Rsym =ΣhΣi|Ii(h)–<I(h)>|/Σh<I(h)>. †Rmerge =ΣhΣI(|Ii(h)–<I(h)>)2|/
Σh(<I(h)>)2, where Ii(h) is the ith measurement and <I(h)> is the
weighted mean of all measurements of I(h).
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The most extensive dimerization interface is formed by
the single-stranded 5′-ends of two molecules. The
sequence 5′-GGAACC-3′, required for efficient in vitro
transcription of the aptamer, pairs to form a six-nucleotide
duplex with two stacked A•A pairs at its core (Figure 2a).
The structure of the duplex is well conserved between dif-
ferent copies of the aptamer complex, although the angle
between each individual strand and the aptamer core
varies significantly (Figure 2b). Both of the A•A pairs are
stabilized by a single long hydrogen bond (3.1 to 3.2 Å)
between the N1 atom of one adenosine and the N6 atom
of the other (no additional hydrogen bonds are formed by
bridging water molecules; Figure 2a). The purine–purine
base pair is perfectly planar, forcing the duplex to widen by
~2 Å at its center. A somewhat similar pairing arrangement
has been observed previously for the purine-rich internal
loop of the paromomycin-binding A-site of 16S rRNA
(Protein Data Bank [PDB] accession code 1A3M,
nucleotides 7–21 [16]). In this previous case, however, the
presence of a flanking unpaired nucleotide allows the
adenosines to buckle significantly to accommodate each
other. The pair of A•A mismatches is predicted to substan-
tially destabilize the duplex (∆∆Gcalc = +9.4 kcal/mol rela-
tive to the GGAUCC dimer). This marginal stability might
allow the reversible association of RNAs with the lattice
during crystallization and thus favor ordered crystal growth. 
In addition to pairing via their 5′ extensions, each aptamer
also dimerizes with another molecule by simultaneous
docking at the 3′-end and via the triplex (Figure 2c). Two
stacked adenosines at the 3′-end of the aptamer pack
against equivalent nucleotides from a symmetry-related
molecule. The packing involves the relatively apolar
minor groove faces of each adenosine and as such is not
stabilized by direct hydrogen bonding between the bases
(Figure 2d). Close proximity of the nucleotides, however,
positions the ribose of one adenosine between the ribose
and the base of the other, allowing the simultaneous for-
mation of two 2′-hydroxyl-mediated hydrogen bonds
(Figure 2e). This ‘ribose zipper’ arrangement is essentially
identical to that observed in the P4–P6 fragment of the
Tetrahymena group I intron (also involving minor-groove
packing by a pair of stacked adenosines), where it stabi-
lizes the close association of the P5b and P6a helices [15]. 
The third type of highly conserved crystal contact involves
docking of the triplexes from two molecules. As noted pre-
viously, pairing in the triplex switches from minor groove
triples at one end to major groove triples at the other [10].
A pair of conventional Watson–Crick base pairs at the
triplex center allows this switch in orientation. Stacking of
base triples above and below the Watson–Crick base pairs
creates an open pocket in the side of the triplex. In the
crystal, we find that this pocket is filled by a single
nucleotide (C24) from the loop in a neighboring aptamer
triplex (Figure 2f). The Watson–Crick face of C24 docks
with the minor groove face of the C19:G26 base pair,
forming an extensive set of both direct and water-medi-
ated hydrogen bonds (Figure 2g). Chemical probing
experiments with trace labeled RNA indicate that both the
G26 N7 and the C24 N3 are accessible to modification by
alkylating agents, suggesting that this intermolecular base
triple is not formed at low concentrations [9]. Stacked
major and minor groove base triples separated by isolated
pairs of nucleotides have been observed in several other
RNAs including, for example, the core of the group I self-
splicing intron [17]. The base-triple interaction that drives
dimerization in the vitamin B12 aptamer crystal might also
stabilize the formation of higher order structure (e.g.,
allowing docking between a triplex and a loop) in some of
these other contexts.
Solvation of the aptamer
The refined structure contains a total of 742 water mol-
ecules, corresponding to approximately four waters per
nucleotide. All water molecules included in the final model
are relatively well defined by X-ray diffraction constraints:
none has occupancies lower than 0.5 or B factors higher than
65 Å2 (only 48 have B factors > 50 Å2). The average B factor
for all water molecules, 35.9 Å2, is essentially identical to
that for all RNA atoms, 34.7 Å2. By superposing the five
independent copies of the aptamer–ligand complex in the
crystallographic asymmetric unit, it is possible to identify
well-conserved water molecules and distinguish them from
those with positions that depend upon crystal contacts or
which represent artifacts of crystallographic refinement. 
To facilitate comparison of the solvation of the different
RNAs, we used the ROTTRANS program to effectively
attach each water molecule to its nearest nucleotide neigh-
bor (CW, http://tyrant.ucsc.edu/software/rottrans.html).
Water molecules were subsequently positioned relative to
a reference RNA–ligand complex by superposing equiva-
lent nucleotides from the different RNAs (described in
detail in the Materials and methods section). The relative
conservation of each site was judged by counting the
number of solvent neighbors lying within 0.5 Å following
superposition, allowing us to define 295 well conserved
water molecules (those with three or four neighbors) and
611 poorly conserved waters (those with less than three
neighbors). As anticipated, poorly conserved water mol-
ecules have a marginally higher average B factor (37 Å2
versus 29 Å2) and most lie on the surface of the aptamer in
highly exposed conformations (Figure 3). Although many
of the well-defined water molecules hydrogen bond to
non-bridging phosphate oxygens, in general, waters associ-
ated with the backbone are poorly conserved. The highest
concentration of well-defined water molecules is clustered
in and around the triplex at the base of the bound ligand. 
The most striking aspect of the aptamer’s solvation is the
presence of a core of water molecules buried within the
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triplex (Figure 4). These waters form a continuous tube
that starts from the cyanide of the bound vitamin B12 and
runs roughly halfway down the triplex to emerge from its
side. As shown in Figure 4a, the waters that define this tube
are precisely positioned by the aptamer and those from all
five copies of the RNA complex can be superposed to
within a few tenths of an Ångström. Figures 4b–d shows the
hydrogen bonding for the three tiers of base triples that
define the water core. The presence of these water mol-
ecules can help to explain some of the observed unusual
pairing interactions. As shown in Figure 4d, a U•A•C base
triple with only two direct base–base hydrogen bonds actu-
ally forms a total of seven hydrogen bonds when bridging
water molecules are considered. The water-mediated base
pairing shown in Figures 4b and 4d is strikingly similar to
that observed previously in the crystal structures of mis-
match duplex RNA and the ribosomal sarcin/ricin domain
[18,19]. In addition to stabilizing pairing between co-planar
nucleotides, water molecules in the core hydrogen bond to
each other to link successive stacked tiers and presumably
stabilize the triplex as a whole (Figures 4c,d). 
Given that base triples can form without intermediary
water molecules, we can ask what is the functional role of
the water core. By inserting between nucleotides in the
upper tiers, the triplex is forced to widen as it rises to meet
the ligand. As a result, the aptamer is able to dock more
extensively with the large corrin ring of vitamin B12. In
addition, two waters that stabilize the top tier of the triplex
are well positioned to hydrogen bond directly to the cob-
alamin-bound cyanide (Figure 4a, discussed below). It
remains unclear whether the tube of water molecules
forms only in the presence of the ligand (i.e., does vitamin
B12 drive apart the nucleotides at the top of the triplex) or
whether instead the water molecules are pre-bound inside
the RNA to create the widened binding surface. 
The relative positioning of the water core suggests that it
might be possible to convert the aptamer into a cobal-
amin-dependent enzyme. Methylcobalamin (MeCob) is
the highly electrophilic cosubstrate used by some vitamin
B12-dependent enzymes to promote alkylation reactions
(reviewed in [20]). Competition and chemical modifica-
tion experiments indicate that MeCob can be recognized
by the aptamer without reacting with it (DS, unpublished
observations). Small molecules that can displace the
bound water molecules in the core would be well posi-
tioned to attack the reactive methyl of the cofactor and
thus serve as substrates for alkylation. Appropriate
sequence modifications to alter the base triples might
make it possible to re-engineer the properties of the core
(e.g., making it more hydrophobic) such that small mol-
ecule substrates would be efficiently recognized.
By superposing all residues of a given type together with
their associated water molecules, previous workers have
identified predictable solvation sites for each nucleotide in a
handful of high-resolution duplex structures [5–7]. Using
the same type of analysis, we find that the hydration pat-
terns in the aptamer are much more amorphous, with water
molecules broadly dispersed at the preferred solvation sites
(Figure 5). For example, many water molecules are posi-
tioned along the major groove edge of the purine bases.
Superposing these waters relative to their associated
nucleotides, we find that the water molecules form a contin-
uous distribution running from the N6/O6 position across to
the N7 and linking with the pro-Rp oxygen of the phos-
phate. In contrast, analysis of the HIV-1 TAR RNA [2] and
the ColE1 plasmid-derived RNA duplexes [5]  suggests that
water molecules can be tightly localized to sites defined by
direct hydrogen bonding to these nucleotide heteroatoms. It
is possible that the reduced clustering is a simple conse-
quence of the low resolution of the current structure (2.3 Å)
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Figure 3
The conservation of water positions. Water
molecules were superposed relative to one
copy of the aptamer–ligand complex (as
described in the Materials and methods
section) and are color-coded on the basis of
the local water density. Water molecules
with zero to one, two, three, or four
neighbors within 0.5 Å are colored green,
orange, magenta, or blue, respectively.
Vitamin B12 is shown in red and the RNA is
in gray. For clarity, only a slab running
through the middle of the aptamer is shown.
The figure was generated using Conic [30].
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in comparison to that for the duplexes (1.3 Å for the TAR
RNA and 1.55 Å for the ColE1 RNA) and that the water dis-
tribution reflects larger coordinate errors in the aptamer.
Arguing against this, however, we note that while most posi-
tions in the aptamer contain dispersed water molecules, a
handful of sites (e.g., in the cytidine major groove) are 
clustered relatively tightly. An alternative explanation is
that although the environment around each nucleotide is
relatively stereotyped in duplex RNA, this is not the case 
in the vitamin B12 aptamer. As a consequence, water 
molecules are optimized in each case to slightly different,
context-specific positions. 
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Figure 4
A water core stabilizes the triplex.
(a) A series of highly conserved buried water
molecules form a core to the region of the
triplex abutting the ligand. Water molecules
from the five different copies of the aptamer
are superposed. Nucleotide coloring
matches that indicated in Figure 1a; vitamin
B12 is shown in red. Water coloring is
arbitrary. The water core spans three tiers of
the triplex: (b) C18:G28·G10, (c)
U15·A17·C29, and (d) C11:G30·A16.
Dashed green lines indicate hydrogen
bonds. Arrowheads in (c) and (d) correspond
to the same molecule, indicating that the
water molecules in successive tiers connect
to each other by hydrogen bonding. The
figures were generated by Rasmol [31] and
RASTER3D [29].
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Ligand binding
The increased resolution of the I222 crystal form makes
it possible to identify additional interactions that con-
tribute to specific ligand recognition. Although there is
generally good direct complementarity between the
RNA and the vitamin B12, inserted between them lies a
connected channel of well-ordered water molecules
(Figure 4a). At the middle of the channel, two water
molecules are well positioned for hydrogen bonding on
either side of the cofactor cyanide nitrogen (no groups on
the RNA itself are positioned for good hydrogen
bonding). These same water molecules direct hydrogen
bonding between nucleotides in the base triple that caps
the triplex. As such, the water core that appears to stabi-
lize folding of the tertiary structure also serves to direct
ligand binding. 
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Figure 5
Preferred solvation positions by nucleotide
type. Water molecules were assigned to
either the base or phosphate/ribose portion
of each nearest nucleotide and then
superposed to a reference nucleotide of the
appropriate type. Stereoviews for each
residue type: (a) adenosine, (b) cytidine, 
(c) guanosine, and (d) uridine. The figures
were generated using the program
RASTER3D [29]. 
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Conclusions
Analysis of the 2.3 Å structure of the vitamin B12 aptamer
identifies the role of noncanonical base pairing in directing
interactions between RNAs in the crystal context and the
function of water molecules in stabilizing tertiary struc-
ture. Solvent molecules in the form of magnesium ions
have been previously shown to bind at specific sites within
the group I intron to stabilize its folding [21]. In this case,
the positively charged metal ions appear to be positioned
so as to neutralize oppositely charged backbone phos-
phates, allowing their close approach in the folded struc-
ture. In contrast, the water core of the vitamin B12 aptamer
appears positioned to mediate specific pairings of
nucleotide bases as previously observed on a more limited
scale in several other RNAs (e.g., the 5S rRNA [1]). In
both the group I intron and the vitamin B12 aptamer, coop-
erative interactions by multiple solvent molecules with
nucleotides well separated in the primary sequence help to
stabilize the tertiary contacts that define the global struc-
ture. The role of solvent cores in defining tertiary structure
makes RNA structure prediction significantly harder than
it would be if folding were the simple consequence of
direct pairwise interactions between nucleotides. Under-
standing exactly how water molecules (and metal ions)
contribute to the formation of tertiary contacts should ulti-
mately assist efforts to solve the RNA folding problem. 
Biological implications
The small size of the RNA structural database limits
our understanding of the forces that stabilize the folding
of biological RNA molecules. Because of their well-
defined nature and adaptation to in vitro conditions, arti-
ficial ligand-binding RNAs obtained by SELEX
(systematic evolution of ligands by exponential enrich-
ment) have served as useful model systems for studying
RNA structure. In many respects, the interactions that
stabilize folding and molecular recognition by aptamers
match those observed in biological RNAs and
RNA–protein complexes (reviewed in [22]). Nuclear
magnetic resonance (NMR) spectroscopy has been used
to determine almost all of the aptamer structures that
have been studied to date. As such, they have not gener-
ally provided information on the direct role of solvent
(either metal ions or water molecules) in stabilizing
RNA structures, nor have they shown how structured
RNA molecules can specifically interact with one
another (as they do in the context of a crystal lattice or a
biological complex). By determining the structure of the
vitamin B12 aptamer at 2.3 Å resolution, we have
obtained a wealth of information on the ways noncanon-
ical base pairings can drive interactions between RNAs
and how water molecules stabilize some unusual base
pairings. 
The most surprising feature of the high-resolution
aptamer structure is the presence of a well-ordered
water channel, buried and surrounded by the three
strands that define its triplex core. Water molecules in
this channel are positioned to bridge between
nucleotides forming planar base triples. It seems reason-
able to assume that tertiary interactions in a wide
variety of biological RNAs may similarly require partici-
pation by specific solvent molecules. The structure of
the P4–P6 domain of the Tetrahymena group I intron has
previously shown the critical role of magnesium ions in
stabilizing the tertiary structure of this large RNA [23].
The vitamin B12 aptamer shows that water molecules
can function similarly to define a structural core that
brings together nucleotides well separated in sequence.
A previous well-cited geometric analysis of RNA interac-
tions presumed that stable arrangements of nucleotide
pairs would be defined by at least two direct hydrogen
bonds between bases [24]. An enumeration of all such
combinations suggested that there are only 28 stable
nucleotide pairings. In a handful of subsequent X-ray
structures of RNAs [18,19], it became apparent that
water molecules could bridge between nucleotides to
complement defects in direct base–base hydrogen
bonding, suggesting that a much larger number of pair-
ings might be possible. The high-resolution structure of
the vitamin B12 aptamer reinforces these results by
showing how water molecules can tie together base
triples that would otherwise have as few as two direct
hydrogen bonds. In considering how RNAs fold (and in
attempting to predict the structures of biological RNAs),
it is thus essential to consider the potential of water mol-
ecules to expand the universe of pairwise interactions
between nucleotides.
Materials and methods
RNA preparation
RNA was prepared and purified as described previously [11]. Briefly,
RNA was transcribed from a synthetic oligonucleotide template using
recombinant T7 RNA polymerase. The transcription reaction was puri-
fied on a preparative-scale 10% polyacrylamide gel and RNA was
recovered by the crush and soak method. A functionally (and presum-
ably structurally) homogeneous RNA sample was prepared by first
binding RNA to vitamin B12 agarose (Sigma), and then eluting with
5 mM vitamin B12 in 1 M LiCl and 25 mM Na-HEPES (pH 7.4). RNA
concentrated to 1.1 mg/ml in 5 mM vitamin B12, 1 M LiCl and 25 mM
Na-HEPES (pH 7.4) was used for crystallization trials. 
Crystallization and data collection
Crystals were grown by the hanging-drop method as described previ-
ously [11]. The well solution contained 6.5–6.9 M LiCl and 6–8% iso-
propanol. An RNA sample or 1–3 ml was combined with 1–3 ml 15%
isopropanol and 2.5–5 mM MgCl2. Crystals grew overnight although
the best diffracting crystals were obtained over the course of a month.
Two different crystal forms, corresponding to the space groups C2221
(solved previously to 3.0 Å) and I222, were obtained. Lower concentra-
tions of LiCl/isopropanol appear to favor the C2221 form whereas
higher concentrations favor the more strongly diffracting I222 form. 
Crystals were transferred from the drop to a cryoprotectant consisting of
the mother liquor with 10% glycerol then flash-frozen in liquid propane at
120K. A dataset was collected at beamline 5.0.2 at the Advanced Light
726 Structure 2000, Vol 8 No 7
st8701.qxd  07/03/2000  09:35  Page 726
Source using 1.60 Å radiation. Data were processed using DENZO and
scaled with SCALEPACK [25]. Statistics for the data are listed in Table 1.
Structure determination and refinement
Crystallographic phases were obtained by MR using a dimer of the
aptamer–vitamin B12 complex taken from the 3.0 Å structure as an
initial search model. Based on initial unit-cell density calculations, three
RNA–ligand complex dimers were predicted in the asymmetric unit.
EPMR [13] trials were run searching for the top three solutions using
data from 15 Å to 3.0 Å. Three dimers were found, all displaying the
crystal contacts seen in the C2221 crystal form, with one dimer related
to itself by twofold crystallographic symmetry. This last dimer was con-
verted to a monomer to fit the final model into the asymmetric unit. This
model, containing five RNA—B12 complexes, was used for further
structure refinement.
Refinement of the MR solution was carried out using the crystallogra-
phy and NMR system (CNS) package [26]. A free R factor (calculated
using 10% of reflections set aside at the outset) was used to monitor
the progress of refinement. The initial MR solution was progressively
improved by rigid-body refinement, minimization and simulated anneal-
ing. Individual B factors were refined for all RNA and ligand atoms,
subject to constraints for atom pairs related by bonds or bond angles.
Water molecules were then assigned using an automated 1.5σ peak
picking algorithm in CNS based on a σA-weighted |Fo–Fc| map com-
puted with the 10–2.3 Å data. Following positional refinement by mini-
mization, individual B factors and occupancies for the water molecules
were optimized. Water molecules with a refined occupancy of < 0.8 or
a B factor > 50 Å2 were deleted from the structure and the entire
process was repeated. The final structure contains 724 water mol-
ecules. Although the crystallization conditions contain magnesium (up
to 5 mM), no specifically bound metal ions could be distinguished in
the electron-density maps. Addition of the solvent and its subsequent
refinement lowered the Rcryst (10–2.3 Å) from 23.7% to 19.9 % and
the Rfree from 26.0% to 23.2%.
Water analysis
All coordinate manipulations were carried out using the FORTRAN utility
ROTTRANS (CW, unpublished; http://tyrant.ucsc.edu/software/rot-
trans.html) and the molecular graphics program MIDASPLUS [27]. We
prepared five coordinate files containing each of the aptamer—B12 com-
plexes and all associated waters lying within 7 Å of an RNA atom
(because some water molecules lie within 7 Å of more than one RNA, the
total number of waters included in the analysis is larger than the number
of unique waters in the structure). Waters were automatically assigned to
the nearest RNA residue for subsequent manipulations. To facilitate com-
parison of equivalent sites, one of the aptamer–B12 molecules in the unit
cell was designated as the reference structure. Corresponding individual
residues from each of the other complexes were superposed using
equivalent RNA atoms from the two molecules to define the appropriate
transformation matrices. These same matrices were used to transform
water positions. Conservation of each site was judged by tabulating the
number of water neighbors within 0.5 Å following superposition.
Accession numbers
The coordinates of the vitamin B12 RNA aptamer have been deposited
in the PDB with accession code 1ET4 and in the Nucleic Acid
Database (NDB) with accession code DR0004.
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